Objective: The goals of this study were to assess the incidence of and risk factors for the syndrome of inappropriate antidiuretic hormone secretion (SIADH) in patients following transsphenoidal surgery (TSS), and to validate the effectiveness of early prophylactic restriction of water intake. Design: Retrospective analysis was performed for 207 patients who had undergone TSS, including 156 patients not placed on early prophylactic water restriction. Sixty-four patients received treatment for SIADH. Methods: We compared the incidence of SIADH between patients with and without early water intake restriction, and analyzed various risk factors for SIADH using statistical analyses. Results: BMI was significantly lower for patients with SIADH than for those patients without SIADH. Statistical analysis revealed that the threshold BMI predicting SIADH was 26. Serum sodium levels on postoperative days 5-10 and daily urine volumes on postoperative days 5-10 were significantly lower in patients with SIADH than in those without SIADH. Postoperative body weight loss on days 6, 8, 10, and 11 was significantly higher in patients with SIADH. The incidence of SIADH after starting prophylactic water intake restriction (14%) was significantly lower than the rate before early water restriction (38%; P!0.05). Conclusions: SIADH is relatively common after TSS, and serum sodium concentrations and daily urine volumes should be carefully monitored. Patients with low preoperative BMI should be closely observed, as this represented a significant preoperative risk factor for SIADH. Early prophylactic water intake restriction appears effective at preventing postoperative SIADH.
Introduction
Disturbances in fluid and sodium balances are commonly encountered in neurosurgical patients (1, 2, 3, 4) . Following transsphenoidal surgery (TSS) for pituitary tumors and other sellar tumors, patients are at high risk for developing water balance disorders, including diabetes insipidus (DI) and syndrome of inappropriate antidiuretic hormone secretion (SIADH). The goals of this study were to assess the incidence of and risk factors for SIADH in patients who had undergone TSS, and to validate the effectiveness of early prophylactic water intake restriction. Postsurgical hyponatremia typically occurs in a delayed fashion, and there is currently no established standardWe clarified the potential risk factors for SIADH after TSS, and performed a unique assessment of early prophylactic water intake restriction.
Subjects and methods
Between January 2012 and July 2013, a total of 207 patients (129 females and 78 males) underwent TSS in the Research Institute for Pituitary Disease at Southern Tohoku General Hospital, Japan. All patients provided informed consent for participation in the study. Institutional Review Board approval was received for all study protocols. Mean patient age was 44.6G18.1 years (range, 9-82 years).
SIADH was diagnosed based on the following criteria: serum sodium !135 mEq/l; no dehydration; normal renal function (serum creatinine !1.2 mg/dl); low effective serum osmolality (!275 mOsm/l); and high urinary sodium. The absence of dehydration is the key characteristic that distinguishes SIADH from cerebral salt wasting syndrome. We also determined the incidence of and risk factors for postoperative SIADH.
Delayed hyponatremia was defined as a serum sodium concentration !135 mEq/l after day 3. Clinical and radiological features, tumor size, endocrinological activity, hyponatremic symptoms, daily postoperative urine volume, BMI, and postoperative serum sodium levels were investigated. BMI was calculated based on the height and body weight of each patient. Postoperative serum sodium levels were measured on day 1 and days 3-11.
We compared the BMI of the patients with and without SIADH. We also compared postoperative daily serum sodium levels and daily urine volumes. We then attempted to determine the threshold BMI predicting postoperative SIADH.
Our study was unique in its management of early prophylactic water restriction. Thus, after postoperative day 6, we considered the following symptoms: i) serum sodium level !140 mEq/l; ii) daily urine volume !1000 ml, and iii) body weight gain (compared with preoperative body weight).
If two or more of the three above conditions were met, early restriction of water intake was initiated (!200 ml of extra water beyond the w1600 ml present in daily meals for hospitalized patients). Steroid replacement tapering was routinely performed after TSS from days 1 to 12. Rathke's cleft cyst was analyzed separately from other pituitary adenomas.
For statistical analysis, we used Student's t-test, the Mann-Whitney U test, the c 2 test, Fisher's exact probability-test, and receiver operating characteristic (ROC) curve analysis with a 95% CI. The statistical significance was defined as a probability value !0.05. Data analysis was performed using StatFlex version 6.0 Software (Artec, Osaka, Japan).
Results
In total, 64 of the 207 patients presented with SIADH (delayed hyponatremia). Only one patient showed symptoms of SIADH (nausea and vomiting). Among the patients who underwent TSS, the underlying pathology was Rathke's cleft cysts in 112 patients, adrenocorticotropic hormone (ACTH)-secreting adenomas in 17 patients, growth hormone (GH)-secreting adenomas in 20 patients, plurihormonal adenomas in 25 patients, nonfunctioning adenomas in 21 patients, gonadotroph adenomas in 15 patients, and prolactinomas in eight patients. As the eight prolactinomas were dopamineresistant, all these patients underwent surgery.
Among the 64 patients with SIADH, serum sodium levels began to decrease on postoperative day 5 on average (occurrence of postoperative SIADH), with the nadir occurring on day 9.
We began prescribing early prophylactic water intake restriction in April 2013 whenever a patient fulfilled two or more of the criteria described in the 'Subjects and methods' section. Although the definition of serum sodium levels in SIADH is !135 mEq/l, we began this prophylactic restriction at an early stage.
Before instituting early prophylactic restriction of water intake, 143 patients underwent TSS at our institution, of whom 55 (38%) presented with SIADH. After beginning early water intake restriction, 64 patients underwent TSS, of whom nine showed SIADH (14.0%). The c 2 test
revealed that the incidence of SIADH was significantly lower in the early water restriction group than in the group before early water intake restriction (PZ0.00013). As Rathke's cleft cyst may have a higher incidence of SIADH compared with other pituitary tumors, we performed separate analyses. Among the 112 cases of Rathke's cleft cyst, the incidence of SIADH before the implementation of early water restriction was 37 in 73 cases (50.7%), compared with five among 39 cases (12.9%) after starting early water restriction. The incidence of SIADH among patients with Rathke's cleft cyst was thus significantly decreased with the implementation of water restriction (PZ0.0008). The incidence of SIADH in patients with pituitary adenoma before early water restriction was 25.7% (18 of 70 cases), compared with 16.0% (four of 25 cases) after starting early water restriction. Although no significant difference was apparent (PZ0.3), the incidence of SIADH clearly showed a decreasing tendency after starting early water restriction in patients with pituitary adenoma.
We then examined risk factors for postoperative SIADH. The preoperative BMI of each patient was calculated based on body weight and height. O10 mm in diameter vs tumor %10 mm). We also analyzed correlations between the incidence of SIADH and endocrinological functions. The incidence of SIADH in patients with Rathke's cleft cyst was 37%, while the incidence of SIADH in patients with GH-secreting adenomas was 7.7%, and the c 2 test revealed this as a significant difference. The incidence of SIADH in patients with ACTHsecreting adenoma was also 7.7%, significantly lower than that in patients with Rathke's cleft cyst. However, we were unable to identify any significant difference in the incidence (frequency) of SIADH among patients with pituitary adenomas, whether plurihormonal adenomas, GH-secreting adenomas, ACTH-secreting adenomas, or prolactinomas. Endocrine activity thus did not correlate with the incidence of SIADH. The mean age of patients with SIADH was 44.07G 18.08 years (meanGS.D.), whereas 44.98G18.07 (meanG S.D.) years in patients without SIADH. No significant difference in age was seen between these two groups (PZ0.79). No significant difference was observed between females and males in the incidence of SIADH, either (PZ0.98).
We measured serum sodium levels in each patient who underwent TSS on postoperative day 1, and on days 3-11. First, mean serum sodium levels in patients with and without SIADH were compared on each day. Mean serum sodium levels in patients with SIADH on postoperative days 5-10 were significantly lower than those in patients without SIADH, particularly on days 8 and 9. Serum sodium levels began to decrease on postoperative day 5 (occurrence of postoperative SIADH), with the nadir occurring on day 9 (Fig. 2 ). The mean serum sodium level in patients with SIADH on day 9 was 132.8G2.64 mEq/l, whereas the mean serum sodium level in patients without SIADH on the same day was 138.57G 2.28 mEq/l. The difference between these groups was most pronounced on day 9. Secondly, mean serum sodium levels on each day were evaluated in patients with and without prophylactic water restriction, with separate evaluations of patients with Rathke's cleft cyst and those with other pituitary tumors ( Fig. 2A and B) . Among the patients with Rathke's cleft cyst, mean serum sodium levels were significantly higher in patients with early water restriction on postoperative days 8-10 than those in patients without water intake restriction ( Fig. 2A ; P!0.05). In patients with other pituitary tumors, no significant differences in serum sodium levels were observed between with and without water intake restriction (Fig. 2B) . The daily urine volume of each patient was measured from days 1 to 11. Urine volume began to decrease on day 5, and daily urine volumes on days 5-10 were significantly lower in patients with SIADH than in those without SIADH. The 24-h volume of excreted urine was evaluated separately in patients with Rathke's cleft cyst and other pituitary tumors (Fig. 3A and B) . Mean daily urine volumes on days 7-10 were significantly lower in patients with water restriction than in those without water restriction, both among patients with Rathke's cleft cyst (Fig. 3A) and among those with other pituitary tumors (Fig. 3B) (P!0.05) .
The extent of postoperative body weight reduction on days 6, 8, 10, and 11 was significantly lower in patients without SIADH compared with patients with SIADH. were significantly higher in patients with early water restriction than in patients without water intake restriction (P!0.05). 
Discussion
The results of this study indicate that SIADH is relatively more common among patients who undergo TSS than that previously reported, with a frequency of between 2.3 and 35% (1, 2, 3, 4, 5, 6 ). However, the precise incidence of delayed hyponatremia after TSS for pituitary region tumors is difficult to ascertain. In our series, SIADH occurred in 64 of 207 patients who underwent TSS, representing a frequency of 30.6%. The frequency of SIADH in the cohort without water intake restriction was quite high compared with previous reports, which have usually described incidences between 8.5 and 25% (2, 5, 7). Various reasons might explain this finding. First, the rate of smaller tumors was higher than in previous reports, so more extensive gland exploration was required to identify and resect the lesions. As discussed below, release of antidiuretic hormone (ADH) stores from neurohypophyseal cells manipulated during such exploration results in natriuresis (3, 4, 6) . A second factor might be that all patients remained hospitalized for a minimum of 12 days after surgery and serum sodium levels were observed as part of the postoperative management protocol. Certain articles have reported that even normonatremic patients exhibit dysfunctional osmotic regulation of arginine vasopressin secretion, so clinical hyponatremia represents only the 'tip of the iceberg' (7).
Several hypotheses for the mechanisms by which SIADH develops after TSS have been proposed. One such mechanism involves the release of ADH stores from manipulated neurohypophyseal cells, resulting in natriuresis and fluid retention. Surgery may acutely relieve the chronic distortion of the neurohypophyseal stalk and hypothalamus or partially injure the neurohypophyseal stalk, resulting in an ADH surge and, ultimately, a state of fluid overload and hyponatremia (1, 2, 3, 4) .
Another potential mechanism by which SIADH could develop is glucocorticoid deficiency. Hyponatremia may be the presenting feature of adrenocortical insufficiency, and ADH may be stimulated by ACTH deficiency (3, 4, 8) .
Regarding the risk factors for SIADH after TSS, such as age, sex, tumor size, tumor type, and development of transient DI, have all been discussed previously (1, 2, 3, 4) . In our series, no correlation between tumor size and frequency of SIADH was found. Kelly et al. (2) reported that patients with macroadenomas were more prone to develop delayed hyponatremia than patients with smaller tumors, because surgical removal is more likely to disturb the neurohypophyseal stalk and hypothalamus. However, other authors have determined that patients with microadenoma are more likely to develop hyponatremia because of the more extensive gland exploration required to identify and resect the lesions (7). One article reported no correlation between SIADH and tumor size (1) . Patients with delayed hyponatremia tend to be older, according to some articles (2, 8) . However, no significant differences by age were seen in our cohort. Zada et al. (4) reported that female patients more frequently had SIADH; however, in our series no significant difference was observed between two sexes.
In our series, lower preoperative BMI was the most significant predictor of postoperative hyponatremia, with a threshold BMI of 26 kg/m 2 . Hussain et al. (1) reported BMI as a significant predictor of both immediate and delayed postoperative hyponatremia. They stated that the physiological basis for the association between lower BMI and delayed postoperative hyponatremia remains unclear, but a strong association between obesity and impaired renal function has been noted.
Patients with a higher BMI may be less responsive to elevated vasopressin levels after TSS, and would thus be less likely to develop delayed postoperative hyponatremia. The nadir of hyponatremia occurred on postoperative days 8 and 9 in our series. Previously published studies have also determined that the hyponatremic nadir occurred on postoperative day 9 (5). The timing of delayed postoperative hyponatremia after TSS has generally been consistent, beginning on postoperative day 4-7 and resolving within 2-3 weeks. In our study, the incidence of SIADH was significantly higher among patients with Rathke's cleft cyst than among those with pituitary adenoma. However, endocrine activity showed no correlation with the frequency of SIADH, although some articles have reported that endocrine-inactive patients had a higher risk of developing hyponatremia, and patients with Rathke's cleft cyst and Cushing's disease had significantly lower postoperative sodium levels compared with other tumor types (3, 4). Zada et al. (4) reported that tumor cell type did not predict the frequency of hyponatremia, although tumor type did correlate with the severity of hyponatremia.
As for treatment, most authors have recommended the implementation of fluid intake restriction therapy for patients with serum sodium levels !130 mEq/l (1, 2, 3, 4) . Rare cases of severe hyponatremia with levels lower than 120 mEq/l require more aggressive treatment, such as infusion of hypertonic saline, vasopressin antagonists, or urea therapy (2, 4) .
This study was unique in proposing prophylactic water intake restriction as both a treatment and a preventive mechanism. To the best of our knowledge, no prospective observational studies focusing on similar early prophylactic water intake restriction have been published. The data showing a decreasing frequency of SIADH after early fluid intake restriction suggest the effectiveness of prophylactic early water intake restriction. The result of increased serum sodium levels on postoperative days 8-10 after instituting early water restriction in patients with Rathke's cleft cyst also suggests the effectiveness of water restriction.
Conclusion
Delayed hyponatremia is a relatively common event following the removal of pituitary tumors by TSS, and is certainly more frequent than has been previously reported. Patients with low preoperative BMI should be closely monitored, as this factor was significantly associated with postoperative SIADH. Serum sodium concentrations should be measured in all patients after TSS in the immediate postoperative period and a few times between postoperative days 5 and 11. Early prophylactic water intake restriction contributed significantly for prevention of postoperative SIADH and delayed discharge.
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